For Ca2+ to function as a second messenger in signal transduction, it is essential that plant cells maintain low cytoplasmic Ca2 levels relative to internal organelles and the apoplast. At the plasma membrane, Ca2+ is actively transported out of the cytoplasm and current evidence supports the involvement of a primary Ca2 -translocating ATPase in mediating this energy-dependent process. This review examines the preliminary biochemical characterization of this transport enzyme.
The ability of plant cells to maintain a low cytoplasmic concentration of Ca> is a key requirement for the function of this divalent cation as a second messenger in the regulation of metabolic events ( 17 and references therein). Since fluctuations in cytoplasmic Ca> concentration may represent an important link in signal transduction, maintenance of low cytoplasmic Ca" serves to poise this regulatory system for cellular responses to hormonal or environmental cues. In plant cells, the cytoplasmic Ca> concentration is maintained at levels approaching 10-7 M through the action of Ca" transport systems involved in either sequestering this cation into internal organelles (mitochondria, ER, vacuole) or mediating its efflux to the cell exterior (17) . With organellar and extracellular Ca" levels approaching the millimolar concentration range, this process must occur continuously to transport Ca> out of the cytoplasm.
Preparations of isolated membrane vesicles have proven useful for studying Ca> transport mechanisms relevant to the maintenance of low cytoplasmic Ca> (4 and references therein). Using this approach, it has been possible to demonstrate the presence of transport systems responsible for sequestering Ca> into internal organelles such as a nH+/Ca" antiport associated with the tonoplast (1), and a Ca2+-translocating ATPase associated with the ER (11 and references therein). In more recent studies, it has been possible to demonstrate the activity ofa Ca2+-translocating ATPase associated with isolated plasma membrane vesicles (12, 13, 15, 18, 19, 23) . This review will focus on this transport system proposed to mediate Ca> efflux from the plant cell and will outline recent work to elucidate its biochemical characteristics. (12, 13, 19, 23) or ITP (13, 19) for driving45Ca2+ uptake in isolated vesicles. The initial rate of45Ca2+ uptake with these two alternative substrates is about 50 to 65% of the rate observed with ATP (12, 13, 19) and for GTP the properties of 45Ca2+ uptake were shown to be similar to those observed for ATP (23) . The plasma membrane Ca2t-ATPase and H+-ATPase also differ in terms of their pH optimum for activity. In contrast to the relatively sharp pH optimum at 6.5 observed for the plasma membrane H+-ATPase (4 and references therein), the plasma membrane Ca2+-ATPase demonstrates a broader pH profile with an optimum between pH 7.0 and 7.5 (12, 13, 18, 23 (14) , where evidence for the presence of two parallel systems for Ca" efflux at the plasma membrane (Ca2+-ATPase, nH+/Ca2+-antiport) was presented. In this vesicle preparation, ATP-driven 45Ca2+ transport was partially inhibited by a protonophore (CCCP) and an imposed pH gradient could drive 45Ca2+ transport. The reason for the presence of these two Ca2+ transport systems in this one recent study is currently unknown. It should be noted that the plasma membrane Ca2+-ATPase itself may act as a direct ATP-fueled nH+/Ca-2+ antiport, since it has been shown that H+ flux may accompany Ca2+ movement (18) . This H+ flux may represent a means of charge neutralization since the uncompensated flux of a divalent cation would represent a highly (and most likely prohibitive) electrogenic event.
CALMODULIN STIMULATION OF THE PLANT
Ca2+-ATPase In animal cells, the plasma membrane Ca2+-ATPase is regulated by calmodulin and it is proposed that this serves to activate the pump to remove cytoplasmic Ca2+ following signal transduction (22) . Although there is evidence for the role of calmodulin in plant regulatory events (17) , calmodulin effects upon the plasma membrane Ca2+-ATPase have proven to be a controversial topic. Results have been highly variable depending on the plant species being examined, on whether Ca2+ transport or Ca2+-ATP hydrolytic activity was being measured, and possibly even on the vesicle systems which have been used in these studies. For example, calmodulin was found to stimulate ATP-driven 45Ca2+ transport twofold in plasma membrane vesicles from spinach leaves (15) , while no effect on 45Ca2+ transport was observed in plasma membrane vesicles from C. communis (13) or in a plasma membraneenriched (but Golgi-containing) vesicle fraction from pea (5). Although calmodulin was shown to stimulate Ca2+-dependent ATP hydrolytic activity in plasma membrane vesicles from maize roots (21) and radish seedlings (20) , in the latter case there did not appear to be a correspondence between the level of calmodulin stimulation of ATP hydrolytic activity (up to 75%) and ATP-driven 45Ca`transport (7-8%) . The use of calmodulin antagonists as a means to examine calmodulin interactions with the Ca2+-ATPase has also yielded inconsistent results (cf. refs. 5, 13, 21) and should be viewed with caution since some antagonists (trifluperazine, W-7) can appear to inhibit ATP-driven Ca2+ transport in plasma membrane vesicles by enhancing Ca2+ efflux (13) .
The lack of a calmodulin effect with plant membrane fractions could be related to the presence of sufficient endogenous (bound) calmodulin to mask any effect of added exogenous calmodulin (8, 23) . Endogenous calmodulin can be removed from membrane fractions to some extent by repeated EGTA washing of the fraction (23 and references therein), although this may prove ineffective for some plant membrane preparations (8) . The presence of endogenous calmodulin explained the lack of a calmodulin effect in red beet plasma membrane vesicle preparations since calmodulin stimulation of ATP (or GTP)-driven 45Ca2+ transport could be observed after repeated washing of the vesicle preparation with EGTA (23) . However, the same approach was unsuccessful when used for plasma membrane vesicles isolated from C. communis (13).
An alternative explanation for the lack of a calmodulin effect upon the Ca2+-ATPase could be partial proteolysis of the enzyme during the preparation of vesicle fractions. As shown for the animal cell plasma membrane Ca2+-ATPase, partial proteolysis can result in irreversible stimulation of the enzyme and insensitivity to calmodulin (22 and (20) found a target molecular size of about 270,000 for both Ca2+-dependent ATPase activity and ATP-dependent 45Ca2+ transport in radish seedling plasma membrane vesicles. As this target molecular size generally estimates the native molecular mass of an enzyme, this would suggest that the native enzyme may exist as dimeric or trimeric collection of catalytic subunits depending on whether the catalytic subunit has a molecular mass of 100 or 140 kD.
SUMMARY AND FUTURE PERSPECTIVE
Although there was initial uncertainty regarding the presence of a plasma membrane Ca2+-ATPase in higher plant cells, current work with isolated membrane fractions argues for the presence of such an enzyme which would be involved in mediating active Ca2+ efflux at the cell surface. Characterization of Ca2+ transport activity associated with this protein has shown unique characteristics which allow it to be distinguished from other transport ATPases associated with higher plant cells. However, a substantial amount of work needs to be done to further understand the structure and regulation of this transport enzyme. The possible interaction of the Ca-2+
ATPase with calmodulin needs to be clarified to determine whether, as in animal cells, this regulatory protein serves to modulate Ca2+-ATPase activity in accordance with cytoplasmic Ca 2 concentration. The application of molecular approaches to the plasma membrane Ca2+-ATPase may greatly facilitate efforts to elucidate the structural details of this protein and allow its comparison to the more well characterized transport enzymes.
